Red blood cell (RBC) invasion and parasitophorous vacuole (PV) formation by Plasmodium falciparum are critical for the development and pathogenesis of malaria, a continuing global health problem. Expansion of the PV membrane (PVM) during growth is orchestrated by the parasite. This is particularly important in mature RBCs, which lack internal organelles and no longer actively synthesize membranes. Pfs16, a 16-kDa integral PVM protein expressed by gametocytes, was chosen as a model for studying the trafficking of material from the parasite across the PV space to the PVM. The locations of Pfs16-green fluorescent protein (GFP) reporter proteins containing distinct regions of Pfs16 were tracked from RBC invasion to emergence. Inclusion of the 53 C-terminal amino acids (aa) of Pfs16 to a GFP reporter construct already containing the N-terminal secretory signal sequence was sufficient for targeting to and retention on the PVM. An amino acid motif identified in this region was also found in seven other known PVM proteins. Removal of the 11 C-terminal aa did not affect PVM targeting, but membrane retention was decreased. Additionally, during emergence from the PVM and RBC, native Pfs16 and the full-length Pfs16-GFP reporter protein were found to concentrate on the ends of the gametocyte. Capping was not observed in constructs lacking the amino acids between the N-terminal secretory signal sequence and the transmembrane domain, suggesting that this region, which is not required for PVM targeting, is involved in capping. This is the first report to define the amino acid domains required for targeting to the P. falciparum PVM.
A malaria infection begins when sporozoites are introduced by the bite of an infectious mosquito. The sporozoites must then actively invade liver cells by inducing an invagination of the liver cell plasma membrane to form a parasitophorous vacuole (PV) (25) . Once the invading sporozoite is enclosed in the PV, a developmental cascade is triggered that leads to the formation of tens of thousands of merozoites in 5 to 7 days. The merozoites are then released from the liver cell and actively invade red blood cells (RBCs), again forming a parasitophorous vacuole from the RBC plasma membrane as they enter (6) . Once inside the PV in the RBC, the parasite can either multiply asexually, producing 16 to 32 new merozoites to continue the infection in the host, or initiate sexual differentiation to produce a single male or female gametocyte (1) . Gametocytes are required to transmit the infection to the mosquito and consequently spread the infection to other humans.
During invasion, the lipids that make up the PV membrane (PVM) are largely derived from the plasma membrane of the host cell. However, the contents of the parasite's apical organelles are secreted during invasion, and it is possible that some of this material is also incorporated into the nascent PVM (8) . Since the RBC lacks the machinery to synthesize new lipids or proteins as the parasite grows over the next 48 h from 1 to 8 m, the PVM is expanded and modified by the parasite, providing a customized environment for development (5) . The PVM is closely associated with the parasite plasma membrane, so it is difficult to isolate the two membranes for direct proteomic and functional analysis, but a number of PVM-associated proteins have been identified by immunofluorescence assays (IFAs) and immunoelectron microscopy (IEM) (30, 32, 34) . In intraerythrocytic asexual stages, EXP-1 (PF11_0224) and the ETRAMP family are the only well-characterized integral PVM proteins in Plasmodium falciparum, and Pfs16 is the best-studied gametocyte-specific PVM protein (19, 29) . EXP-2 and Pfmdv1/Pfpeg3 have also been reported to associate with the PVM, but neither have both a secretory signal sequence and an additional transmembrane domain (13, 19) . Recently, PfETRAMP 10.3 (PF10_0164) has been shown to be essential for RBC stage growth, and in murine malaria, Plasmodium berghei UIS4, which is expressed on the PVM in liver stages, is also essential for growth (21, 26) . P. berghei or Plasmodium yoelii sporozoites lacking UIS4 are able to invade liver cells and begin to grow, but die before producing new merozoites. Interestingly, the immune response induced against UIS4-deficient liver-stage parasites protects the mice against subsequent malaria infections and is being used as a model for the development of genetically attenuated vaccines (26) . These findings have increased interest in the identification of additional liverstage PVM proteins in P. falciparum; however, direct analysis of this stage is limited by the lack of a good in vitro culture system.
One approach to identify proteins targeted to a specific location is to determine the signaling motif that directs trafficking. This strategy is used to identify proteins targeted to the apicoplast, mitochondria, or secretory pathway as well as pro-teins exported across the PVM into the RBC (16, 22) . The export motifs (PEXEL and HT) identified were found in a large number of Plasmodium genes (329 and 214, respectively) and revealed the extent to which the parasite modifies the host RBC (PlasmoDB 7.1). Similarly, determination of the signal required to selectively transport a protein from the parasite to the PVM should facilitate the identification of additional PVM proteins. To directly evaluate the regions required for PVM targeting and retention, the gametocyte-specific PVM protein Pfs16 was selected. It is small (16 kDa) and abundantly expressed through the 10 to 12 days required for P. falciparum gametocytes to mature from a stage I to stage V gametocyte (4, 20) . Targeting can be monitored throughout gametocyte development and during gametogenesis, the transition from a mature, sausage-shaped, intraerythrocytic stage V gametocyte to a spherical extracellular gamete, which takes place in the mosquito. The molecular mechanisms involved in gametogenesis are still not well understood, but previous EM data have shown that gametocytes first round up, then the PVM is degraded, and finally the RBC membrane is released (28) . The green fluorescent protein (GFP) reporter lines developed in this study reveal the amino acid sequences required for PVM targeting through gametocyte development and RBC emergence.
MATERIALS AND METHODS
P. falciparum parasites. Wild-type and transformed P. falciparum parasites (strain 3D7) were maintained in culture, and gametocytogenesis was induced as described by Ifediba and Vanderberg (17) . Briefly, cultures were set up on day 0 at 0.1% parasitemia and 6% hematocrit. On day 3, the amount of medium was doubled, effectively decreasing the hematocrit to 3%. The gametocyte cultures were fed daily for the next 2 weeks, and gametocyte development was monitored by Giemsa-stained thin smears of the cultures. Mature stage V gametocytes develop by day 16 and can be stimulated to undergo gametogenesis by decreasing the temperature below 30°C and adding serum or xanthurenic acid (100 M).
Reporter constructs. To produce the five Pfs16-GFP reporter constructs, the Pfs16 gene was amplified beginning 784 bp upstream from the ATG and extending to bp 93, using primers Pfs16.-784.s and Pfs16.93.a (Table 1 and Fig. 1 ). For the construct that did not contain the carboxy (C)-terminus of Pfs16 (NC), the Pfs16.-784.93 PCR product was inserted between the SacII and XbaI sites of the reporter construct pDH.TgA.5ЈPfs230.GFP (11) to replace the Pfs230 promoter. For the remaining four constructs, the Pfs16.-784.93 PCR product was inserted between the SacII and XbaI sites of pDH.TgA.22 (40) , and the sequence of the plasmid (pDH.TgA.22.Pfs16-784.93) obtained was confirmed. The coding region of green fluorescence protein (GFP) (38) was amplified from pHRPExGFP (MRA-71 and MR4; ATCC) using primers GFP.1.s and GFP.720.a (Table 1) and inserted between the XbaI and BamHI sites 3Ј to the Pfs16.-784.93 insert in the pDH.TgA.22.Pfs16-784.93 plasmid. Following insertion, the GFP coding region was in frame with the upstream Pfs16 coding region and contained a C-terminal KasI site for the insertion of the different C-terminal regions of Pfs16. The four distinct C-terminal regions of Pfs16 were amplified using the primers listed in Table 1 and inserted into the KasI site at the 3Ј end of GFP in the pDH.TgA.22.Pfs16-784.93.GFP plasmid described above. Primers Pfs16.94.s and Pfs16.480.a were used for the full-length construct (FL), Pfs16.312.s and Pfs16.480B.a for the full-length C-terminal region (FC), primers Pfs16.312.s and Pfs16.438.a for the C-terminal region truncated at amino acid (aa) 146 (TC), and primers Pfs.312.s and Pfs16.384RKAAA.a for the C-terminal region encoding the transmembrane domain (aa 105 to 126) followed by RKAAA (Tm) (Fig.  1) . After the sequences of the reporter constructs were confirmed, they were used to transform wild-type P. falciparum 3D7 parasites (5-ml culture of 5 to 6% rings) (10) , and transformed parasites were selected with pyrimethamine (15 ng ml Ϫ1 ).
Epifluorescence microscopy. (i)
In vivo epifluorescence. For in vivo epifluorescence, the Pfs16-GFP parasite lines were assayed directly by epifluorescence microscopy (Axiovert 200/Axiovision 4.3; Zeiss, Thornwood, NY) to evaluate GFP expression, and DNA was visualized by the addition of 1 g ml Ϫ1 bisbenzimide to the sample. (ii) IFA. For the immunofluorescence assay (IFA), a monolayer of parasites was air dried on a glass slide, then fixed in dry ice-chilled methanol, rinsed with phosphate-buffered saline (PBS), blocked in 5% nonfat dry milk-PBS, and incubated for 20 min at room temperature with mouse anti-recombinant Pfs16 (1:500), rabbit anti-GFP (Ab6556) (1:250) (Abcam, Cambridge, MA), or rabbit anti-glycophorin A (1:500) (Sigma, St. Louis, MO). Following two PBS rinses, the fixed parasites were incubated for 30 min at room temperature with a 1:200 dilution of secondary antibody labeled with tetramethylrhodamine isothiocyanate (TRITC) or fluorescein isothiocyanate (FITC) as indicated, and then rinsed, mounted in Vectashield with or without DAPI (4Ј,6-diamidino-2-phenylindole) (Vector Labs, Burlingame, CA), and examined by epifluorescence microscopy (Axiovert 200/Axiovision 4.3).
Immunoblots. Gametocytes were purified by centrifugation (10 min at 2,000 ϫ g) on a 16% Nycodenz cushion. The cells at the Nycodenz interface were harvested and washed in PBS, and the cell pellet was stored frozen until use. To isolate the soluble proteins, the cell pellet was resuspended (0.5 ϫ 10 6 cell/l) in hypotonic medium (TEϩPI: 10 mM Tris [pH 8.0]-1 mM EDTA plus Roche cOmplete without EDTA protease inhibitors) and then frozen and thawed three times before centrifugation (10 min, 16,000 ϫ g, 4°C). The soluble fraction was harvested, and after the pellet was washed two times in TEϩPI, it was extracted in NETT (150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 50 mM Tris [pH 8.0]). SDS sample buffer was added to a final concentration of 1% SDS-10% glycerol-125 mM Tris-Cl (pH 6.8) to the soluble and NETT extract. The sample was size fractionated on a 4 to 20% polyacrylamide gel (Invitrogen, Carlsbad, CA) and then transferred to nitrocellulose. The nitrocellulose blot was incubated with anti-GFP antibodies (1:250) (Abcam) and visualized with alkaline phosphatase-conjugated secondary antibodies (Sigma) (1:2,000) and 5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt plus nitroblue tetrazolium chloride (NBT/ BCIP) (Sigma).
RESULTS
PVM-associated protein sequence analysis. PVM-associated, integral membrane proteins, EXP1, Pfs16, and the ETRAMP family proteins are small proteins with a predicted secretory signal sequence, followed by a lysine-rich region and then a transmembrane domain and C-terminal tail enriched in charged amino acids, including lysine and aspartate. Comparison of the complete sequences of Pfs16, EXP1, and a representative ETRAMP member, PF10_0164, using Glam2 software identified a conserved motif in the C-terminal region of the protein, beginning at the end of the predicted transmembrane domain (14) (Fig. 2A) . Only a single ETRAMP protein was used in the search to avoid identifying motifs specific for ETRAMP family members not the PVM. Twenty-one proteins were identified when this motif was used to screen the 953 proteins annotated in PlasmoDB to contain a secretory signal sequence and not an RBC export domain (see Table S1 in the supplemental material). The gene set included the original three genes and five other genes that have been shown to be associated with the PVM; three additional ETRAMP proteins (PFE1590w, PFD1120c, and PF10_0019); the translocon component PTEX150 (PF14_344), which is involved in exporting proteins across the PVM into the RBC (9); and an acyl coenzyme A (acyl-CoA) synthetase (ACS1 [PF14_0761]) (23). PTEX150 and PF14_0761 both have a secretory signal sequence, but not a second predicted transmembrane domain. The initial search also identified genes that are known to code for proteins associated with the apical organelles in the invasive stages (ASP [PFD0295c], MTRAP [PF10_0281], PF10_0166, and TLP [PFF0800w]) and a pHISTb domain protein (PFL0050c) associated with membrane structures called Maurer's clefts in the RBC cytoplasm that could be derived from the PVM (33) . The locations of three of the identified proteins are unknown, while the remaining five are predicted to be targeted to the apicoplast. Of the five predicted to be localized to the apicoplast, only the location of cpn60 in the apicoplast has been confirmed experimentally.
Motif identification can be complicated by the high frequency of regions of low amino acid complexity in P. falciparum; therefore, the motif domains identified in the eight known PVM proteins were reanalyzed with Glam2 software and the refined domain was used to search the same set of secreted, not exported, genes. Other than the PVM proteins used to define the motif only 2 of the 15 genes found in the first screen were reidentified, PF10_0242 and PFE0560c, indicating a closer association with the PVM proteins than the other genes initially identified. The refined motif also identified three additional ACS genes, PFL2570w, PFC0050c, and PFB0685c, which are members of the P. falciparum-specific acyl-CoA synthetase 9 (ACS9) expansion (3). One of these, PFL2570w (ACS3) has been localized to the PVM with PF14_0761 (ACS1), but the location of the rest of the family has not been determined (35) . To further evaluate whether this domain is involved in PVM trafficking, the C-terminal region of Pfs16 containing the motif was directly tested for the ability to target PVM association.
Mapping Pfs16 trafficking signals. Five Pfs16-GFP reporter constructs were generated containing distinct regions of Pfs16 (Fig. 1A) . The reference construct included the entire gene under the control of the homologous promoter (from Ϫ784 bp from the ATG to the stop codon at ϩ471 bp) with the coding sequence of GFP inserted between bp 93 and 94 (full length [FL] ). In the next construct (full C terminus [FC]), only the coding region for the C-terminal 53 aa was included 3Ј to GFP. This region of the gene includes the predicted transmembrane domain (aa 105 to 126), and the remaining 31 C-terminal aa (aa 125 to 157) and contains the entire motif identified by Glam2. Further analysis of the amino acid sequence and charge composition of the C-terminal domain indicates that it can be divided into four sections with distinct charge profiles. Section 1 includes the first 7 aa following the transmembrane domain and includes 4 positively charged aa, 4 lysines (K); section 2 includes the next 7 aa and contains 3 tandem aspartates (D) followed by K-glycine-D; section 3 includes the next 6 aa, which is made up of three tandem repeats of KD; and section 4 includes the last 11 aa and includes three sets of 2 negatively charged aa (DD or D-glutamate [E]) separated by a glycine (Fig. 1B) . The third construct (truncated C terminus [TC]) lacks section 4, the final 11 C-terminal aa, and increases the ratio of positive to negative amino acid. The fourth construct (transmembrane domain [Tm] ) contains only the transmembrane domain and 5 additional aa (RKAAA), and the fifth and final construct (no C-terminal amino acids [NC]) does not include any C-terminal amino acids after GFP.
P. falciparum strain 3D7 parasites were transformed with the five constructs, and the GFP expression profile was followed through gametogenesis. For all constructs, fluorescence was observed in a small subpopulation of schizonts (Ͻ1%) that are predicted to contain merozoites committed to sexual differentiation following RBC invasion. Expression continued as the parasites developed through the five stages of gametocytogenesis (I to V) (Fig. 3) . The strongest fluorescent signal was around the periphery of the parasite for all constructs except Tm, which had such a weak signal it was hard to localize. Gametocyte production was not altered in the Tm line, but there was little fluorescence, suggesting that the reporter protein was either not produced well or rapidly degraded, and consequently it was not included in further analysis. Another difference between the fluorescence patterns of the constructs was the presence of a prominent punctate dot in the gametocytes transformed with the GFP reporter construct without any C-terminal amino acids (NC). The identity of this structure is unknown, but it could be an organelle involved in trafficking secreted proteins to the PV. Pfs16 membrane association. To test membrane association more directly, the solubilities of the Pfs16-GFP reporter pro-
FIG. 2. Parasitophorous vacuole membrane protein alignment. (A)
The amino acid sequences of Pfs16 (PFD0310w), ETRAMP 10.3 (PF10_0164), and EXP1 (PF11_0224) were aligned using CLUSTALW (7, 36) . Identical amino acids are indicated in red and marked with an asterisk on the line below the alignment, highly similar amino acids are indicated in green and marked with 2 dots, and weakly similar amino acids are indicated in blue and marked with a single dot. The predicted secretory signal is shaded, and the predicted transmembrane domain is underlined. Conserved residues in the original motif are indicated under the alignment, and the frequency with which an amino acid is used in each position is graphically portrayed in panel B. Below the original motif is the graphical representation of the refined motif that was generated by reanalyzing the domains found in all eight known PVM proteins identified on the first screen. (C) The alignments of the domains of the eight PVM-associated proteins used to refine the motif with amino acids conserved in four or more domains are highlighted. The position of the domain and the number of amino acids (Len) in the full-length protein are indicated.
VOL. 10, 2011
PLASMODIUM FALCIPARUM PVM TARGETING 747
on December 21, 2017 by guest http://ec.asm.org/ teins were tested. Gametocytes (stages III to IV) from the different transformed lines were purified on a 16% Nycodenz cushion and lysed by 3 freeze-thaw cycles in hypotonic buffer. The soluble material was isolated by centrifugation, and the remaining insoluble pellet was extracted in 1% Triton X-100. Immunoblots of the soluble and Triton X-100-extracted material were then probed with anti-GFP antibodies (Fig. 4) . In the absence of the C-terminal amino acids, the Pfs16-GFP reporter protein (NC; 31 kDa) was found in the soluble fraction, while the full-length Pfs16-GFP (FL; 44.1 kDa) and full-length C-terminal tail Pfs16-GFP (FC; 36.7 kDa) were found primarily in the Triton X-100-soluble fraction. The truncated C-terminal tail Pfs16-GFP reporter protein (TC; 35.6 kDa) was found in both fractions, suggesting the lack of the 11 C-terminal aa decreased PVM association. Consistent with the differences in membrane retention demonstrated by immunoblotting, different fluorescent patterns were observed in the morphologically aberrant gametocytes that appear during routine culture and are assumed to be dying. In parasites transformed with either the full-length Pfs16-GFP (FL) or the full-length C-terminal tail (FC), a strong fluorescent signal was seen in various membranous structures within the infected RBC (Fig. 5) . In parasites transformed with the reporter construct that lacked the C-terminal amino acids (NC), there was an increase in punctate fluorescent staining that appeared to be associated with the parasite. Both fluorescent patterns were seen in parasites transformed with the truncated C-terminal tail Pfs16-GFP reporter (TC), although in this case, the extra parasitic membranes were less fluorescent than those seen for the FL and FC constructs.
Tracking Pfs16 through gametogenesis. During gametogenesis, the final step in sexual differentiation, the mature gamete emerges from both the PVM and RBC membrane prior to fertilization. In the field, this only happens in the mosquito midgut, but it can be simulated in vitro by exposing mature stage V gametocytes to temperatures below 30°C in the presence of human serum (2) . Under these conditions the sausageshape gametocyte rounds up, the PVM degrades, and the RBC membrane ruptures, releasing the gamete for fertilization. Pfs16 is known not to be expressed on the surface of the emerged gamete, but the location of the protein has not been tracked as the gametocyte rounds up and emerges. Emergence is complete in 20 min after the stimulus, so to visualize the early events, wild-type parasites were fixed in 1% formalde- (Fig. 6A) . As the wild-type gametocyte begins to round up, Pfs16 concentrates at the ends of the gametocyte and then continues to aggregate within the RBC as it is released (Fig. 6 ). To evaluate which region of Pfs16 was required for this pattern, the Pfs16-GFP reporter lines were tested. The pattern observed by IFA was mimicked by fulllength Pfs16-GFP (Fig. 6A) , but not the other constructs (Fig.  7) . None of the other reporter constructs concentrated at the end of the rounding gametocyte, suggesting that this may require amino acids on the amino-terminal side of the transmembrane domain. The two other reporter constructs with the C-terminal tail (FC and TC) that associated with the PVM did aggregate during RBC release, while the reporter constructs without the C terminus (Tm and NC) did not. This is consistent with FC and TC Pfs16-GPF reporter protein remaining associated with the residual PVM membranes that are not completely removed until the RBC membrane is released.
DISCUSSION
The Pfs16-GFP reporter constructs demonstrate that the first 31 N-terminal aa of Pfs16 target secretion to the PV and that inclusion of the predicted transmembrane domain and C-terminal aa 127 to 146 is sufficient for association with the PVM. The further addition of the last 11 C-terminal aa increases retention on the membrane. This localizes the signal for PVM targeting to a 42-aa region made up of the 22-aa transmembrane domain and the first 20 aa of the 31 aa C-terminal tail (aa 127 to 146) and is the first functional identification of a peptide domain that targets a reporter protein to the PVM. The further addition of the acidic tail amino acids (aa 147 to 157) increases membrane association, suggesting that it is involved in an interaction that stabilizes the protein in the membrane.
The 53-aa region of Pfs16 required for optimal PVM retention includes the complete 42-aa motif that was identified using the Glam2 program to compare the complete amino acid sequences of three known PVM proteins, Pfs16, EXP1, and ETRAMP 10.3. The motif includes 12 aa from the transmembrane domain followed by 30 additional aa which are highly enriched in charged residues, 8 K, 11 D, and 2 E. The ability of the motif to identify five other genes, three additional ETRAMPs, PTEX 150, and acyl-CoA synthetase (PF14_0761) that have been shown to be associated with the PVM (see Table S1 in the supplemental material) lends support to the association of this domain with the PVM (Table S1 ). The general structure of the amino acid domain identified by the motif is a hydrophobic domain followed by a region enriched in charged amino acids. This basic architecture is shared by proteins targeted to the apicoplast and the TRAP protein family, the members of which are trafficked to the micronemes and then to the plasma membrane during invasion (24, 32, 37) . The distinctive feature of the PVM-associated region identified here as well as the C-terminal region of PVM-associated proteins EXP-2 (PF14_0678), PfMDV1 (PFL0795c), and the other ETRAMP family members is the presence of both basic and acidic residues, instead of the predominately basic amino acids associated with apicoplast targeting or the acidic C-ter- (18) . The identification of the experimentally defined PVM targeting region of Pfs16 reported here allows further dissection of the trafficking pathway to be focused on this domain. Two additional genes, PF10_0242 and PFE0560c, were identified both in the initial search and when the search was refined by using the motif found in the eight PVM proteins identified in the first search. Neither gene has been well studied to date, In addition to identifying the peptide domain involved in PVM targeting and retention, the Pfs16-GFP reporter lines were used to track the location of Pfs16 through gametogenesis. As the gametocyte begins to round in response to cooling Pfs16 capped to the both ends of gametocyte. The role of this movement is unknown, but it could be involved in orchestrating the complex sequence of events required for gamete emergence. During the same period, the subpellicular microtubules are known to depolymerize and the PVM begins to degrade (31) . EM analysis of gametogenesis indicates that PVM degradation is patchy, and many sections of membrane remain intact (28) . The rapid progression of gametogenesis following the stimulus makes this period difficult to evaluate by EM. The gametocytes round up within minutes. To get the images in Fig. 6 and 7 , fixative was added, and the parasites were quickly dried on glass slides, or the parasites were chilled on ice before fluorescence microscopy. After rounding and PVM degradation, the erythrocyte membrane appears to rupture on one side, and then the gamete pops out, but often the RBC membrane remains loosely attached to opposite side of the gamete. The residue intact PVM membrane seems to be trapped in the partially released RBC, giving rise to the aggregated Pfs16 signal seen in Fig. 6 and 7 . Interestingly, capping and PVM association seem to require different regions of Pfs16. The region between the N-terminal secretory signal sequence and the transmembrane domain is required for capping, and the transmembrane region and C terminus are involved in PVM targeting. This would be consistent with the N-terminal region of Pfs16 being located in the PV and possibly interacting with the gametocyte surface so that it moves as the gametocyte changes shape. The C-terminal region of Pfs16 is likely to be on the RBC side of the PVM and is required to retain the protein in the membrane, possibly due to a charge effect or by interacting with a protein on the RBC face of the PVM.
The close contact between the parasite plasma membrane and the PVM is clearly demonstrated by the similarity of the fluorescent pattern of the soluble secreted form of Pfs16-GFP (NC) and full-length Pfs16 (FL) (Fig. 3) . This intimate association suggests extensive interactions between proteins on the PPM and PVM and dual regulation of growth. Interestingly, one of the first signs of a dying gametocyte is the appearance of additional extraparasitic membranes (15) . The presence of GFP-labeled Pfs16 suggests that these are derived at least in part from the PVM, although the presence of parasite plasma membrane cannot be excluded. The structures formed are reminiscent of the membrane blebbing seen in apoptosis in mammalian cells (39) . Possibly the parasite employs a similar strategy of maintaining membrane integrity until the intracellular contents are completely degraded to avoid releasing intact proteins and stimulating an immune response. As a result, the shrinkage of the parasite without a corresponding decrease in the amount of membrane gives rise to the altered morphology so clearly observed in the Pfs16-GFP tagged cells.
The critical role of the PVM has been demonstrated in both the liver stages and intraerythrocytic parasites (21, 27) . From its beginning as an invagination of the host plasma membrane, the PVM expands and is modified as the intracellular parasite grows. After maturation, both the PVM and host cell plasma membrane must rupture for the parasite to emerge and continue the life cycle by invading another cell or, in the case of a gametocyte, fertilization and the beginning sporogonic development. This work demonstrates that the 53 C-terminal aa of Pfs16 target PVM expression and retention during gametocytogenesis and that all known PVM proteins were found to have C-terminal regions with a similar charge structure. Similarities in the amino acid sequence of this domain in proteins expressed at different parasite stages suggest a similar PVM trafficking pathway is used throughout the life cycle. To focus further functional evaluation and identify new potential PVM proteins, a 34-aa motif was identified in the C-terminal region of eight PVM proteins, including Pfs16. Removal of the 10 C-terminal aa of this motif from the Pfs16-GFP reporter protein did not affect trafficking but reduced retention on the PVM membrane, suggesting that this region is involved in stabilizing the protein-membrane interaction. In contrast, the 53-aa PVM targeting domain was not sufficient for Pfs16-GFP capping to the ends of the gametocyte, indicating another region of the protein is required. The fine structure of the PVM targeting signal and the interacting proteins required for trafficking and membrane association can now be further evaluated to define the pathways used by the parasite to survive and thrive in the host cell. 
